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Edited by Hans EklundAbstract We generated a recombinant 96-residue polypeptide
corresponding to a sequence Tyr176–Gly273 of ice nucleation pro-
tein from Pseudomonas syringae (denoted INP96). INP96
exhibited an ability to shape an ice crystal, whose morphology
is highly similar to the hexagonal-bipyramid generally identiﬁed
for antifreeze protein. INP96 also showed a non-linear, concen-
tration-dependent retardation of ice growth. Additionally, circu-
lar dichroism and NMR measurements suggested a local
structural construction in INP96, which undergoes irreversible
thermal denaturation. These data imply that a part of INP con-
structs a unique structure so as to interact with the ice crystal
surfaces.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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When the water is cooled under atmospheric pressure, it can
keep a liquid state even below 0 C, which is known as the
‘‘supercooling state’’. In this state of water, it naturally created
a number of embryo ice crystals that assemble the water mol-
ecules onto their surfaces. Accordingly, the ice crystals become
larger and contact with each other to construct a multi-crystal-
line-state of ice, leading to the entire freezing of water [1]. Ice
nucleation protein (INP) itself serves a template to assemble
the water molecules to act as an eﬀective embryo ice crystal
[2,3]. In contrast, antifreeze protein (AFP) accumulates onto
the ice surface to inhibit its further growth [4–6]. In the past
decade, numbers of physicochemical and structural data have
been obtained to show that a part of AFP comprises a unique
structure for the complementary binding to the ice surface.
However, no such data have been obtained for INP because
there are many diﬃculties in expression and preparation of this
huge membrane protein.
INP is an essential component of an ice nucleation active
strain of several Gram-negative bacteria, such as Pseudomonas
syringae, Pseudomonas ﬂuorescens, Erwinia ananas, Erwinia*Corresponding author. Fax: +81 11 857 8983.
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doi:10.1016/j.febslet.2005.01.056uredovora, and Xanthomonas campestris [7,8]. Amino acid se-
quences of INPs from these bacteria were determined by
cDNA analysis, which revealed that INPs commonly include
a large central domain (115 kDa) irrespective of a diﬀerence
in their total peptide length (1200–1567 residues) [9]. The cen-
tral domain uniquely comprises about 20 imperfect repeats of
a 48-residue high-ﬁdelity consensus sequence. The 48-residue
sequence is subdivided into three 16-residue medium-ﬁdelity
sequences and is further divided into six 8-residue low-ﬁdelity
sequences. This 8-residue sequence contains one -Thr-
Xxx-Thr- (TXT) segment, where Xxx is any amino acid. The
sequence periodicity of the central domain was assumed to
construct a unique tertiary structure that mimics an ice-like
surface [9]. A role to locate INP onto the bacterial membrane
was speculated for the N- and C-terminal domains of INP that
ﬂanks the central repetitive domain. The membrane-attached
INP was thought to undergo self-interdigitation for produc-
tion of the ice nucleation activity; e.g., approximately 132-
unit-association of INP was assumed to raise the freezing point
to be 2.0 C [2,10].
AFPs explored from a wide variety of cold-adapted organ-
isms can uniquely bind to the embryo ice crystal under subzero
temperature environment [4–6]. AFP contains an ice-binding
region, in which the hydrophobic residues with several polar
residues are thought to play a major role for the complemen-
tary binding to the ice surfaces. Such an ice-binding ability
of AFP is detected by (i) morphology change of the ice crystal
into hexagonal bipyramid or hexagonal trapezohedra, and (ii)
non-colligative depression of the freezing point (Tf) that diﬀers
from the melting point (Tm), which is generally termed thermal
hysteresis (TH = |TfTm|). AFP was deﬁned as a protein that
exhibits both (i) and (ii) [11]. The b-helical AFP (9 kDa)
regularly includes cysteines and the TXT segments in a 12–15-
residue repetitive unit, which constructs an extremely regular
left- or right-handed parallel b-helix structure [12,13]. Graether
and Jia [14] proposed an elongated 9-turn b-helical structure
for a 144-residue repetitive sequence of INP that also includes
TXT sequence [14]. Independently to this model, the following
two hypothetical models were proposed; (i) a b-structure-based
planar trapezoidal structure that permits the self-interdigita-
tion of the repetitive domain [15] and (ii) a thick cylindrical
structure contributed by numbers of b-bends, which mimics
the prismic surface of the hexagonal ice crystal [16]. We have
succeeded in producing a recombinant 96-residue polypeptide
corresponding to a segment Tyr176–Gly273 of P. syringae INPblished by Elsevier B.V. All rights reserved.
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point (Tf) depression were examined. The NMR and circular
dichroism (CD) measurements were also performed to eluci-
date the structural construction of the polypeptide, which will
be discussed with regard to the structural models proposed for
INP.2. Materials and methods
Escherichia coli BL21 (DE3) cells were transformed with a pTYB12-
based expression plasmid (NEW ENGLAND BioLabs) containing a
synthesized DNA encoding INP96 (Fig. 1A) plus fusion protein that
comprises a chitin-binding domain and intein. Following the cultiva-
tion with LB media, the transformed cells were lysed by sonication
with 50 mM Tris–HCl (pH 8.0) containing 1 mM EDTA, 0.5 M NaCl,
and 0.1 mM phenylmethylsulfonyl ﬂuoride. The lysate was then centri-
fuged at 11000 rpm for 60 min at 4 C, and the supernatant was loaded
onto a chitin aﬃnity column (NEW ENGLAND BioLabs) equili-
brated with 20 mM Tris–HCl (pH 8.0) containing 1 mM EDTA and
0.5 M NaCl. On-column cleavage of INP96 from the fusion protein
was performed with 3 bed-volumes of the equilibration buﬀer contain-
ing 50 mM b-mercaptoethanol. The ﬁnal puriﬁcation of the sample
was performed with Sephadex G-50 gel chromatography. The puriﬁed
INP96 migrated to a position of approximately 10 kDa on SDS–
PAGE (16% gel) (Fig. 1B), which is consistent with its estimated
molecular weight (9.3 kDa). The INP96 sample was stored at 4 C
as a diluted solution of 50 mM sodium phosphate buﬀer (pH 6.7),
and was concentrated to 30–400 lM by ultraﬁltration when used for
the present experiments. The ﬁnal concentration of the INP96 sample
was determined based on the UV absorption at 280 nm, which derived
from 6 Tyrosines and 1 Tryptophan of INP96. Approximately 2 mg of
INP96 was prepared from 3.0 L of the culture.
To examine the freezing point (Tf) of INP96 as a function of concen-
tration (mM), we used the Vogel osmometer (model OM 802). This
instrument is designed to put a frosty probe into 50 lL of supercooled
sample. The frosts in the sample undergo ice crystal growth with
releasing the latent heat, which is precisely monitored to determine
the Tf of the entire sample with an accuracy of 0.002 C. The Tf mea-
surements were repeated three times using fresh samples and the aver-
aged value was evaluated with errors. A Leica DMLB 100
photomicroscope equipped with a Linkam LK600 temperature con-
troller (Liquid Nitrogen-type) was used for observation of ice crystal
morphology. A 0.5 lL aliquot of the sample solution was once frozenFig. 1. (A) Amino acid sequences of a 96-residue repetitive sequence of
INP (Tyr176–Gly273) from P. syringae (INP96) and AFP from beetle
Tenebrio moliter (TmAFP). The –Thr–Xxx–Thr– sequence (colored
red) appears in every 16 residues for INP96, while in 12 residues for
TmAFP. The b-sheet-based ice binding structure was assumed for the
squared regions. (B) SDS–PAGE (16% gel) of the puriﬁed INP96 after
Sephadex G-50 gel chromatography. The low molecular weight size
markers are indicated in the left.and subsequently heated until a single ice crystal was observed. The
morphological change of the crystal was then observed with a very
slow cooling rate (0.01 C/min). The 1H NMR experiment was per-
formed for 100 lM solution of INP96 (pH 6.7) at a temperature of
4.0 C on a Varian UNITY Inova 500 (500 MHz) spectrometer. The
1H chemical shifts were referenced to the internal standard 2,2-di-
methyl-2-silapentane-5-sulfonic acid (DSS). The CD spectra were also
measured for 30 lM solution of INP96 (pH 8.0) in the temperature
range from 4 to 70 C using a Jasco J-725A spectropolarimeter (Japan
Spectroscopic Co., Ltd., Tokyo, Japan). Optical cuvette with 1 mm
path-length was used for the measurement in the far UV regions.3. Results and discussion
We previously reported that a 24-residue repetitive peptide
of INP (A1–G–V–D–S–S–L–I–A–G10–Y–G–S–T–Q–T–S–G–
S–D20–S–A–L–T24, denoted INP24) locally contains a hair-
pin-loop structure contributed by a hexapeptide segment
(–L7–I–A–G–Y11–) [17]. For the other portions of INP24,
however, no signiﬁcant amount of a stable structure was indi-
cated, suggesting that this peptide length is not suﬃcient to
keep the inherent structural feature. Indeed, INP24 does not
exhibit any ice-binding ability despite the presence of a TXT
sequence. The theoretical approaches predicted that a 48-resi-
due high-ﬁdelity repetitive sequence constructs a minimum
structural unit [7–9], whereas insuﬃciency of this length to
form a stable tertiary structure was indicated later [18]. Hence,
we assumed that at least 2- to 3-fold repetition of the 48-resi-
due high-ﬁdelity consensus sequence is a minimum require-
ment to contain an inherent tertiary structure of INP. Our
selected 96-residue amino acid sequence (denoted INP96) is
shown in Fig. 1A, which corresponds to a segment Tyr176–
Gly273 of the N-terminal region of the central repetitive do-
main of P. syringae INP (inaZ) [7]. The central domain of
INP (Ala176–Ile1151) consists of approximately twenty 48-resi-
due repetitive blocks starting from –Ala176–Thr–Tyr–Gly–
Ser–Thr–Leu–Ser183–, for which the N-terminal dipeptide
(–Ala–Thr–) was assumed to act as a linker to connect with
the N-domain (Met1–Thr175) [10]. Hence, we chose Tyr1–
Gly–Ser–Thr–Leu–Ser–. . . as the N-terminal sequence (Fig.
1A). INP96 showed a high sequence similarity with the b-heli-
cal AFP from beetle Tenebrio molitor (TmAFP) (Fig. 1). For
both sequences, the ﬁrst two repetitions exhibited a slightly
lower ﬁdelity compared with the succeeding four repeats. We
expected an eﬀect to improve the water solubility for this
low-ﬁdelity region of INP96, since the other peptides of INP
synthesized in our laboratory showed an extremely poor solu-
bility (data not shown). It is noted that an intact INP has 61
TXT sequences that are over 10 times the number compared
with the b-helical AFP [19]. The recombinant INP96 was dis-
solved into water with no aggregation when its concentration
is less than 100 lM, and used in the following measurements.
In nature, a hexagonal-shaped embryo ice crystal (Ih)
emerges in the supercooled water, and undergoes crystal
growth by adsorptions of water molecules on the crystal
planes. AFP can bind to a preferential set of water molecules
on the growing ice planes, which results in the creations of con-
vex ice fronts between the bound-AFPs (i.e., Kelvin eﬀect) [20].
Since the convex ice front becomes energetically unfavorable
for further binding of waters, a facet of the crystal comprising
the convex ice fronts stops its growth, resulting in a creation of
unique ice crystal morphology (e.g., hexagonal bipyramid,
Fig. 2. (A–C) Photomicrographs of the ice crystal observed for (A) solvent buﬀer alone ([Tris–HCl] = 20 mM (pH 8.0), [EDTA] = 1 mM,
[NaCl] = 0.5 M), (B) approximately 400 lM of INP96 in the buﬀer, and (C) 50 lM of Type II AFP from Japanese ﬁsh, Brachyopsis rostratus,
dissolved into the buﬀer. It observed a hexagonal-bipyramid-like ice crystal for (B), whose facets are ambiguous. Arrows indicate the c-axis
direction. (D) Freezing point depression (Tf) measured using an osometer (model OM 802, Vogel) as a function of concentration (mM) of INP96.
The measurements were repeated for three times using fresh samples and each averaged values were indicated with error bars.
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crystal shown in Fig. 2A, hence, implies that the convex ice
surface is allowed to grow from six facets of Ih; i.e., only sol-
vent buﬀer does not possess any ice-binding activity. In con-
trast, it observed a hexagonal-bipyramid-like morphology of
ice crystal for INP96 (Fig. 2B), which showed a high similarity
with the ice hexagonal bipyramid observed for ﬁsh AFP (Fig.
2C). This result implies that INP96 binds to the speciﬁc planes
of Ih and halts their further growth to some extent. It should be
noted that the well-deﬁned ﬂat facets typically observed for or-
dinary AFP (Fig. 2C) were not observed for INP96. Instead, it
observed a non-facet feature (Fig. 2B) as similarly observed for
the b-helical AFP [19], which was ascribed to its ice-binding
ability to both prism and basal planes of Ih [6]. For INP96,
a signiﬁcant concentration (400 lM) is needed to observe
the ice crystal, whereas 50 lM is generally enough to
observe the bipyramidal ice crystal for ﬁsh AFPs. We further
observed the freezing point (Tf) depression of INP96 as a func-
tion of concentration from 0 to 1.8 mM (Fig. 2D). As shown,
INP96 exhibited a non-linear concentration dependence of the
Tf depression, which was similarly obtained for the ordinary
AFPs, although the level of Tf depression of INP96 is quite
low (0.1 C). These data suggest that although INP96 can
bind to the hexagonal ice surfaces, the strength of which is
not in the substantial level compared with AFPs. A similar re-
sult was reported for 15Eklac [21], a 15-residue synthetic pep-
tide corresponding to 11-residue-repeating-unit of a 36-residue
type I AFP. No signiﬁcant Tf depression was detected for this
minimized peptide on the Clifton nanoliter osmometer,
whereas it forms a vertex-ﬂat bipyramid of ice crystal. For
15Eklac, an imperfect inhibition of the crystal growth was as-sumed for f2021g plane that is a target ice surface of an intact
type I AFP.
The 500 MHz 1H NMR spectrum was observed for 100 lM
solution of INP96 (pH 6.7) at 4.0 C (Fig. 3A), for which no
signiﬁcant aggregation of the sample was suggested. The 1H
spectrum displayed many non-exchangeable NH resonances
(7–9 ppm) implying that the polypeptide comprises a local
structure, for which detailed information could not be ob-
tained only from this spectrum. Hence, we further examined
the far UV CD spectrum for 30 lM solution of INP96 at
4 C (Fig. 3B), which displayed a speciﬁc peak at 209 nm but
not at 222 nm. By application of the SOMCD algorithm [22]
to the CD proﬁle, the contents of a-helix, b-strand, turn, and
random conformations of INP96 were estimated to be 6.3%,
45.2%, 8.0%, and 40.5%, respectively. Fig. 4 plots the proﬁles
of thermal denaturation and renaturation of 30 lM INP96
solution examined by the CD spectrometry at 209 nm in the
temperature range from 4 to 70 C. The denaturation proﬁle
suggested that the b-strand content decreases as the tempera-
ture increases, with full denaturation occurring above 70 C.
Approximately 57 C was estimated as the half-denaturation
temperature. Lowering of the temperature from 70 C results
in no signiﬁcant restoration of the b-strand formation, suggest-
ing that INP96 undergoes the irreversible unfolding. Since the
previous CD analysis indicated no secondary structural
construction for the 48-residue repetitive peptide [7,18], the ob-
tained result is consistent with our basic assumption that 48- to
96-residue peptide length is the minimum requirement to com-
prise a tertiary structure. Signiﬁcantly, the b-strand content of
INP96 (45.2%) is not consistent with that estimated for a b-
structure-based planar structure (75.0%) [15], but in good
Fig. 3. (A) The 500 MHz 1H NMR spectrum of INP96 obtained at
4 C on a Varian UNITY Inova 500 spectrometer ([INP96] = 100 lM,
50 mM sodium phosphate buﬀer (pH 6.7), 10% D2O for lock). (B)
Circular dichroism (CD) proﬁle of INP96 obtained at 4 C (continuous
line) ([INP96] = 30 lM, 20 mM Tris–HCl buﬀer (pH 8.0),
[EDTA] = 1 mM, [NaCl] = 0.5 M). The ﬁtting curve based on the
SOMCD algorism was also indicated with a broken line. The
structural contents of INP96 were estimated based on this algorism.


















Fig. 4. Thermal denaturation (s) and renaturation (r) proﬁles of
INP96 based on the CD spectrometry at 209 nm over the ranges 4–70
and 70–15 C, respectively. The melting temperature of approximately
57 C was estimated from the denaturation proﬁle (s). A large
diﬀerence between the two proﬁles suggests that INP96 undergoes
irreversible unfolding.
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acryltransferase (PDB code = 1LXA) (45.0%) that is a struc-
tural template utilized for the b-helical model of INP [7] (no
PDB coordinate available for the model). This model refers
the TmAFP structure, and is characterized by (i) b-helical turn
of the –Gly–Tyr–Gly– sequence, (ii) facing of the Thr–Xxx–
Thr– motif toward the solvent where Xxx is directed inward,
and (iii) a hydrophobic core contributed by leucines. The
TXT sequence involved in a stacked parallel b-sheet of
TmAFP can bind complementary to both basal- and pris-
mic-surfaces of the hexagonal ice crystal, leading to the non-fa-
cet feature of the hexagonal ice [19]. Such a non-facet feature
was also observed for the ice crystal of INP96 (Fig. 2B). Over-
all, our data are in accordance with the b-helical model of INP
[14], although a question still remains about the way it under-
goes ‘‘self-interdigitation’’ so as to attain the unlimited size
necessary for the ice nucleation activity [15]. The disulﬁde
bridges contribute to the stabilization of the TmAFP structure.
INP96 lacks such a stabilization eﬀect, which may be one of
the reasons for the weak ice-binding activity, and also for
the requirement of higher concentration to observe the bipyra-midal-like ice crystal. It is presumable that any structural insta-
bility could be reinforced in the whole repetitive domain of
INP by accumulations of the short- to long-range packing
forces.
To summarize, the present study shows that a recombinant
96-residue repetitive peptide of INP contains a local structure
and has an ability to shape an ice crystal similarly to AFP. The
data suggests that the repetitive domain of INP provides a un-
ique structural surface that can interact complementary to the
hexagonal ice crystal surfaces.
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